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A C C E P T E D M A N U S C R I P T cortex, anterior cingulate cortex (ACC) and posterior cingulate (PCC) compared to anemic controls has also been observed. 10 These cortical abnormalities may play key roles in rewiring central pain pathways and causing neuroplastic alterations, resulting in vulnerability for development of neuropathic pain. [11] [12] [13] [14] Neuropathic pain resulting from dysfunction of the central nervous system (CNS) has been shown to underlie SCD 12,14-17 via screening tools 16, 18 and laboratory pain testing, 13, 19, 20 with as many as 40% of patients with SCD reporting neuropathic pain. 16 Animal models of neuropathic pain have demonstrated that a region in the brainstem called the locus coeruleus (LC) and its central ascending noradrenergic (NA) projections can facilitate and exacerbate non-SCD neuropathic pain. [21] [22] [23] LC axons project to the thalamus, anterior cingulate (ACC), hippocampus, hypothalamus, amygdala, and medial prefrontal cortex (mPFC). In particular, the LC innervates the mPFC 22 with respect to changes in this corresponding (LC-dlPFC) circuit. This might contribute to the neuropathic pain observed in patients with SCD, a region activated by nociceptive input when transitioning from acute to chronic pain and central sensitization in humans. 21, 24 The LC-mPFC circuit dysregulation is triggered in rodents by constant noxious input. 21 This shifts noradrenaline activity to create a predominance of facilitative α1-adrenoreceptors rather than inhibitory α2-adrenoreceptors, 21 contributing to hypersensitivity. 25, 26 From a RS-FC perspective, the mPFC in rodents strongly parallels the dorsolateral prefrontal cortex (dlPFC) in primates with respect to executive function, attention and decision making. 27, 28 Overall, findings support that processes involving the mPFC in rodents are served by the vmPFC and dlPFC in primates. 29 As dysregulation of the LC-mPFC circuit can facilitate pain hypersensitivity in rodents, 21, 30 changes in this
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corresponding circuit might contribute to the neuropathic pain observed in patients with SCD. 14, 16 The aim of this study was to investigate RS-FC of the LC in patients with SCD compared to patients having anemia without chronic pain (anemic controls, or AC) using neuroimaging, seedbased and graph theory connectivity analyses. The seed-based resting-state connectivity analysis allowed us determine where connectivity differences were present in precise regions, while the graph-theory based connectivity analysis allowed us to determine what differences were present in network influence (centrality) in respect to the LC. We hypothesized that patients with SCD would show greater functional LC connectivity and centrality with other key brain regions that play roles in chronic pain compared to ACs.
Methods
Participants
African-American (N = 14), Hispanic (N=3), and Middle Eastern (N=1) patients with SCD along with Asian (N=6), and White (N=6) anemic controls were recruited from the Children's Hospital Los Angeles (CHLA) hemogloinopathy center. All procedures were approved by the institutional review board (IRB) and all participants provided written informed consent. A total of 12 anemic controls (mean age = 24.2, SD = 7.4, 8 females) and 18 patients with SCD (mean age = 21.2, SD = 8.6, 7 females) were included after quality control of the MRI data. Eight patients with SCD and ten ACs were undergoing transfusions. In the SCD population, 14 had Thalessemia Intermedia, and 1 patient had Hemoglobin H Constant Spring. No patients with   AC exhibited chronic pain. A subset of 8 sickle cell patients had been recieving regular 2-week transfusions for at least a year to reduce hemoglobin SS concentration and prevent progression of vascular disease. Regular transfusions were scheduled to keep the percent of hemoglobin SS less than 30% in hopes of reducing strokes. This stops intermittent vaso-occlusive pain crises, but does not affect chronic regional pain syndromes. Sub-analyses of this cohort compared to SCD patients without transfusions did not change the outcome findings. Young adults with previous overt strokes or known cerebrovascular disease were not included in the study. Other exclusion criteria included pregnancy, occurrence of acute chest pain or pain crisis hospitalization in the past month, and additional diagnosed conditions such as epilepsy or traumatic brain injury. SCD patients who had chronic pain (N=3) were identified by the patient's hematologist and co-author (TC) based on clinical status and characteristics of their pain consistent with ongoing neuropathic pain (burning, allodynia, swelling of limb, non-response to opioids, etc.) lasting greater than 6 months. These data were used to perform an additional exploratory analysis. All patients were in their steady-state, and no focal neurologic deficits were documented in their medical records.
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Clinical Variables
In addition to recording age, gender, and body mass index (BMI), a complete blood count (CBC) panel was recorded on all patients.
Imaging Acquisition
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All imaging was conducted on a 3T Phillips Achieva. After careful positioning of the subject, padding of the head to reduce movement, and application of noise-reducing headphones, a standard high-resolution T1-weighted 3D structural scan, covering the whole brain (160 sagittal slices) was obtained; (TE: 8 FOV: 220 mm x 220 mm, slice thickness/gap: 5/0 mm). Subjects were instructed to close their eyes, not think of anything, not fall asleep, and keep as still as possible.
Image Pre-Processing and Quality Control
Imaging data were processed using SPM12. Preprocessing for quality control included bias-field correction, co-registration, motion correction, spatial normalization, tissue segmentation, and Fourier transformation. Structural images were included in subsequent analyses based on compliance with acquisition protocol, full brain coverage, minimal motion, Gibbs ringing, absence of flow/zipper and minor atrophy/vascular degeneration. Functional imaging pre-processing included transformation from DICOM into NIFTI, slice-time correction, co-registration with high-resolution structural images, spatial normalization into MNI space, realignment to correct for subject movement and unwarping to correct for the movement-bydistortion interaction (using Unwarp in SPM12), and resampled to a voxel size of 2 x 2x 2 mm.
Functional images were included in subsequent analyses based on compliance with acquisition protocol, full brain coverage, motion estimate of less than 2 mm in the three directions of 
Functional Network Construction
The normalized resting-state functional images were then processed using the CONN 17 toolbox in MATLAB. 31 Resting-state images were filtered using a band-pass filter (0.001 all values below that threshold were set to 0. The magnitude of the z-score represents the weights in the functional network. As a sensitivity analysis, absolute thresholding was also applied at 0.2, 0.4, 0.5, 0.6, 0.7, and 0.8. 36
Computing Network Metrics
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Thresholded single-subject functional networks were then used to calculate network metrics using in-house scripts and Graph Theory Toolbox (GTG) in MATLAB. 37 Measures of centrality including degree, strength, betweenness centrality and eigenvector centrality were computed. Regions with high centrality are highly influential and communicate with many other regions, facilitate functional integration, and play a key role in network resilience to insult. 38 Indices of centrality included (1) Degree: reflecting the number of connections to an ROI, (2) Strength: reflecting the weighted version of the number of connections to an ROI, (3)
Betweenness Centrality: reflecting the ability of an ROI to control information flow and modulate information (act as a bridge) between two other modules, and (4) Eigenvector Centrality: reflecting the global prominence of the region due to connections with other highly connected nodes. 38 
Network Metrics Statistical Analyses
To determine group differences in network metrics, GLM-based non-parametric permutation testing was performed, controlling for age and sex, at 5000 iterations in MATLAB.
Permuted probability values were further corrected using the false discovery rate (FDR) to calculate significance at p(FDR) < 0.05.
Seed-to-Voxel Functional Connectivity Analysis
The 2mm spherical seeds in the bilateral LC (Figure 1) were used as seeds in CONN 17 for a seed-to-voxel whole-brain connectivity analysis. Age and sex were included as covariates.
The resulting single-subject beta maps were extracted and smoothed at 4 mm full-width half maximum (FWHM). To compare differences between groups, a non-parametric independent
sample t-test was conducted using Statistical nonParametric Mapping 39 , specifying 5000 permutations with variance smoothing applied at 4 mm FWHM. The initial cluster-forming threshold was set at p < 0.001 and significance level was set at p(FWE) < 0.05. To determine the effect of chronic transfusion status on the results, we repeated the analyses including an indicator variable representing whether a subject was receiving blood transfusions as a covariate.
Additionally, as an exploratory analysis within patients with SCD, we compared 3 patients who actively exhibited symptoms of chronic pain to patients who did not actively exhibit chronic pain. This was done by exporting the eigenvalues for the connectivity dyad within Statistical Parametric Mapping (SPM) for every subject and then conducting a Welch's t-test between the groups.
Clinical Variables
To investigate differences in CBC panel results between SCD and AC, independent sample t-tests were conducted along with Cohen's d calculations to measure effect size. Cohen's d, independent of sample size, is used to indicate the magnitude of the difference between two means, and is calculated by subtracting one group mean from another and dividing it by the pooled standard deviation. A value of d < 0.5 is considered a small effect, 0.5 < d < 0.8 a medium effect, and d > 0.8 a large effect. 40
Results
A summary of the clinical variablesincluding age, gender, vital signs and CBC results
can be seen in Table 1 . There was no significant difference in age, sex, body habitus, or blood pressure between groups. As expected, patients with SCD had higher white blood cell counts,
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lower RBC counts, lower hematocrit percentages and higher reticulocyte counts compared to anemic controls. See Table 1 .
Patients with SCD Exhibit Greater Connectivity from LC to dlPFC
Results from the seed-to-voxel analysis revealed that patients with SCD had greater connectivity between the left LC and left dorsolateral prefrontal cortex (dlPFC). Specifically, connectivity results showed patients with SCD had increased connectivity between the left LC and left dlPFC. 41 No other difference in LC connectivity was observed. When using transfusions as a covariate, the results still showed significant increased connectivity from the left LC to left dlPFC in the SCD patients. Additionally, patients with SCD with chronic pain had a trend towards greater LC-dlPFC connectivity compared to patients with SCD without chronic pain (t (14.18) = 1.99, p = .06, d = 0.66), although this result did not achieve statistical significance). See Table 2 
Patients with SCD Exhibit Greater Centrality of the Locus Coeruleus
Results from the network metrics analysis revealed that patients with SCD exhibited greater betweenness centrality in the left LC and greater strength in the right LC. These results were consistent across some (Z = 0.2, 0.3, 0.5) but not all threshold levels, showing significant results when observing denser networks. See Table 4 and Figure 4 .
Discussion
As hypothesized, group differences in functional connectivity of the LC were found in patients with SCD compared to anemic controls using seed-to-voxel and graph theoretical methods examining LC-based connectomes. Past brain imaging research has found that patients with S.CD with high pain intensity have greater RS-FC in pronociocptive areas such as the ACC, somatosensory cortex, and insula, 12 as well as greater connectivity from the insula, basal ganglia
and periaqueductal gray (PAG) brainstem regions to various resting state networks. 42 These patients have also been shown to have increased EEG activity in pain processing regions. 43 Case et al's 42 finding of greater connectivity in the PAG runs parallel to our findings, as there is considerable evidence that the LC receives input from PAG neurons 44-47 , and plays a large role in the stress response. 48, 49 Future studies looking at the influence of brainstem activity -including the PAG and LC -and neurochemistry would serve to be beneficial in understanding how activity in the mid-brain influences cortical processing and its influence on pain.
Differences in Connectivity of the Locus Coeruleus in Patients with SCD
Patients with SCD compared to ACs had greater LC betweenness centralityindicating that this region is critical for mediating communication between other brain regions 38,50and greater LC-dlPFC connectivity. These alterations in LC circuitry run parallel to recent findings in rodent models of neuropathic pain. 21, 51 The LC is the primary brain region involved in the synthesis of noradrenaline, 52-54 and is the sole source of cortical noradrenaline to the neocortex. 55,56 After exposure to a stressor (e.g. pain), noradrenaline is released as a messenger to various CNS cells with adrenoreceptors. Many projections from the noradrenergic locus coeruleus are to regions that are responsible for regulating the autonomic response to stress, arousal, and homeostatic mechanisms (e.g. suppression of the baroreceptor reflex) [57] [58] [59] , all of which can be a risk factor for vaso-occlusive pain crises in patients with SCD who have greater pain sensitivity. 13, 60 Providing tentative support for the idea that hyperconnectivity of the LC-dlPFC circuit may be present in chronic pain, the three SCD patients suffering from chronic pain had greater functional connectivity between the LC and dlPFC compared to SCD without pain (Cohen's d =
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Additionally, since SCD patients overall had greater LC-dlPFC connectivity compared to anemic controls, this hyperconnectivity could possibly be a precursor to the development of vaso-occlusive crises or of chronic pain via a hyperactive autonomic nervous system (discussed in the next section). We pose these hypotheses for testing.
Moreover, the dlPFC is a core region in the executive control network that is involved in working memory, cognitive flexibility, selective attention and response inhibition. 61 One might speculate that the observed alterations in dlPFC_LC functional connectivity might underlie executive function deficits and associated cortical changes reported in SCD 5-7,10,62-65 High levels of noradrenaline via projections from the LC to the prefrontal cortex have been shown to impair prefrontal inhibitory functions critical for executive function. 66 Further work is need to examine this possibility.
Implications of the findings for the Autonomic Nervous System and Blood Flow
Our findings also suggest clinically relevant outcomes, such as the possibility that peripheral blood-flow may be altered due to hyperconnectivity of the LC and dlPFC. Since arterioles are innervated by sympathetic neurons, increased microvascaular transit time due to increased sympathetic activitywhich the LC modulates 67can result in increased vasoocclusion. 60 Acute stressors, such as pain, induce noradrenaline release in the PFC in rodents 51,68 , and continuous release can result in allostatic stress overload 69 and subsequent vasoconstriction via increased sympathetic nervous system activity 70, 71 , a hallmark feature of
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A C C E P T E D M A N U S C R I P T SCD. 71 Peripheral noradrenaline release is exacerbated by the infarcted tissue damage and inflammation caused by the sickled RBCs. This peripheral effect causes more tissue ischemia, further release of noradrenaline, and leads to a debilitating top-down and bottom-up pain cycle. 72 We compared the SCD group to the anemia controls with and without those who were on transfusion protocols and the findings did not change. This lack of effect of transfusion would suggest that there are other differences between non-SCD controls and patients with SCD that might influence central pain processing that are independent of level of hemoglobin. These differences await further study. Humans with sickle trait as well as sickle cell anemia have autonomic dysfunction of unknown cause and these abnormalities are independent of transfusion. 73, 74 Direct measures of nerve impulse responses to pain are greater in SCD mice than wild type. Nerve conduction abnormalities have been seen in mice as well. 75 The findings in the present work uncover yet another pain-related alteration in SCD subjects that is not present in control. The mechanism of this neural hypersensitization remains elusive. Increased sympathetic activity, or parasympathetic withdrawal, 71,76 may be an underlying mechanism. However, future studies investigating neurotransmitters such as GABA and noradrenaline in the locus coeruleus and dlPFC, using imaging techniques such as diffusion tensor imaging, PET and spectroscopy along with measures of pain sensitivity and vasoconstriction, would be crucial to establish causal mechanisms in humans.
Potential Significance and Therapeutic Implications
There appears to be neurological differences in patients with SCD that may play a role in pain mediation. Neurological hypersensitivity has been observed in SCD subjects in response to respiratory control 74 and pain in humans, 73 and in response to pain in transgenetic mice. 77 Thus, there may be some effect of this disorder on neural systems that plays a significant role in
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vascular control and pain. We now show differences in brain connectivity in patients with SCD, and importantly, have used anemic subjects as controls so these differences are not due to anemia.
Future studies investigating potential therapeutic pain prevention strategies or targeted analgesic treatments for chronic pain in SCD should monitor the level of the LC centrality in neural connectivity. The goal would be to reduce noradrenaline release and the strength of connectivity of the LC with the dlPFC. Such changes could enhance prefrontal cortical control by shifting prefrontal processes. For example, activity in the ventromedial prefrontal cortex (vmPFC) has been shown to be involved in the process of resilience and positive behavioral adaptation in the face of adversity or trauma. 78 Increased vmPFC activity has also been shown to be associated with reduced pain. 79 Future studies investigating more nuanced prefrontal cortical activity in chronic pain are necessary to develop therapeutic approaches that can have a beneficial effect. From a pharmacological perspective, strategies that increase the role of relevant LC-mediated neurotransmitters involved in pain inhibition might be considered. For example, tricyclic anti-depressants and noradrenergic reuptake inhibitors (NRIs) facilitating activity at alpha 2-adrenoreceptors have been shown to lose analgesic efficacy over time, 80 a finding that may be related to enhanced facilitative alpha 1-adrenoceptor activity 30 with continued pain. This latter finding suggests that current pharmacological treatments may be able to slow down the development of chronic pain, but treatments aimed at diminishing alpha-1 activity would be crucial to terminating it. Excessive alpha-1 noradrenaline activity in the PFC has been associated with stress-induced cognitive impairments, such as poor attention regulation and disinhibited behaviors. 81 Thus, it is hypothesized that reducing stress-related increased connectivity within the LC-PFC pathway would improve chronic pain symptoms.
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At the level of the dlPFC, various non-invasive treatments such as repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS) have been shown to be effective in patients with chronic pain [82] [83] [84] who also have psychological symptoms, such as depression. However, no published reports currently exist with regards to patients with SCD. 85 Mindfulness meditation and hypnosis are other non-pharmacological treatments shown to be effective in improving blood flow, reducing activity in the dlPFC, and decreasing pain sensitivity. [86] [87] [88] [89] [90] [91] It would be useful to test strategies that alter this neural pathway in patients with SCD. While treatment of acute pain crises in patients with SCD is crucial for quality of life and survival (e.g. acute chest syndrome), the findings of this study suggest that strategies that alter the strength of the LC-dlPFC connectome prior to the chronification of pain would have significant impact for individuals living with SCD. Such targeted research would also strengthen our understanding of mechanisms involved in the transition from acute to chronic pain.
Conclusions
The findings of the current study support greater connectivity of the LC-dlPFC circuit, along with a connectome showing a greater amount of information flow in the LC to other parts of the brain in patients with SCD. These are the first findings we know of that establish this LC-dlPFC hyperconnectvity link in humans with SCD and provide the basis for further investigation of cellular mechanisms such as noradrenaline activity underlying this link, the modulatory role that the LC may play in altering other brain networks, and associating it with chronic pain symptoms and physiological activity in the periphery. Additionally, it provides the basis for investigating methods of treatments to regulate dysfunctional noradrenaline activity originating at the LC along with non-pharmacological treatments such as TMS, tDCS, meditation, and hypnotherapy aimed at diminishing activity in the dlPFC and reducing painful symptoms.
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Highlights  Patients with sickle-cell disease (SCD) have greater resting-state functional connectivity between the locus coeruleus (LC) and dorsolateral prefrontal cortex (dlPFC), and greater resting-state functional centrality of the locus coeruleus.  SCD patients with chronic pain exhibited even greater functional connectivity between the LC and dlPFC.  This study replicates a finding confirmed in rodent models, that hyper-connectivity between the LC and PFC is a potential chronic pain generator. Patients with SCD may experience vaso-occlusive pain crises, which can then lead to a cycle of tissue damage, opioid-induced hyperalgesia, and chronic neuropathic pain. We hypothesize that, for a subset of patients, possibly those with frequent VOC, this hyperconnectivity might become a "pain generator" for the development of chronic pain. This hypothesis could then be tested in a longitudinal study to determine if this brainstem connectivity mechanism serves to create chronic pain in SCD. 
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